Abstract. Since the 1950s, Europe has undergone large shifts in climate and land cover. Previous assessments of past and future changes in evapotranspiration or streamflow have either focussed on land use/cover or climate contributions, or on individual catchments under specific climate conditions but not on all aspects at larger scales. Here, we aim to understand how decadal changes in climate (e.g., precipitation, temperature) and land use (e.g., de-/afforestation, urbanization) have impacted the amount and distribution of water resources availability (both evapotranspiration and streamflow) across Europe were found in parts of the Iberian and Scandinavian peninsulas, respectively. In Sweden, for example, increased precipitation is a larger driver than large scale re-and afforestation, leading to increases in both streamflow and evapotranspiration. In most of the Mediterranean, decreased precipitation combines with increased forest cover and potential evapotranspiration to reduce streamflow. In spite of considerable local and regional scale complexity, the response of net actual evapotranspiration to changes 20 in land use, precipitation, and potential evaporation is remarkably uniform across Europe, increasing ∼35-60 km 3 /y, equivalent to the discharge of a large river. For streamflow, effects of changes in precipitation (∼95 km 3 /y) dominate land use and potential 1 evapotranspiration contributions (∼45-60 km 3 /y). Locally, increased forest cover, forest stand age and urbanisation have lead to significant decreases and increases of available streamflow, even in catchments that are considered to be near-natural.
tion from urban areas, or the other hand, is typically measured or analysed over individual elements that make up the urban landscape, such as (un)paved areas (Ramamurthy and Bou-Zeid, 2014) , green roofs, or trees (Pataki et al., 2011) . Few studies have measured evapotranspiration at the urban landscape scale. In a study comparing measurements made over the Dutch cities of Rotterdam and Arnhem, Jacobs et al. (2015) found evapotranspiration rates to be generally low, and to quickly drop in the days following rainfall reflecting a strongly water-limited system. Similar results were found for the Swiss city of Basel (Chris-5 ten and Vogt, 2004) . This suggests that urban areas, because of their limited capacity to store water, might have much lower evapotranspiration and as a result might generate much higher streamflow than other land use types. This was also reported by DeWalle et al. (2000) based on statistical analysis of long-term streamflow record in the United States. They found strong increases in streamflow in areas with heavy urbanisation, which was attributed to a decrease in evapotranspiration.
In order to isolate and/or attribute the hydrological impact of climate change from that of changes in land use, different meth-10 ods exist (see reviews by Wang, 2014; Dey and Mishra, 2017) . The methods can be categorized into experimental approaches, hydrological modeling, conceptual approaches, and analytical approaches (Dey and Mishra, 2017 ). Typically, hydrological or land surface models run at hourly or daily resolution are used (Bosmans et al., 2017; Breuer et al., 2009; Viney et al., 2009; Dwarakish and Ganasri, 2015; Pijl et al., 2018) . Such models often contain a high number of poorly-constrained parameters and parameterizations, leading to large uncertainty in trend estimates (Arnell, 2011) , or even disagreement in the direction of 15 simulated trends . When the research focus is on robust simulation of long-term rather than short-term changes, low-dimensional models with well-constrained parameters often perform well (Choudhury, 1999; Zhang et al., 2008 ).
The Budyko model (Budyko, 1974) is an example of such a conceptual approach which allows for evaluating combined land use and climate impacts on water availability (see, for example Jiang et al., 2015) . In spite of its extreme simplicity (parameterizations typically have only one parameter reflecting land surface characteristics), it has been applied successfully in numerous 20 studies focussing on different controls on long-term water balance partitioning (Zhang et al., 2004; Roderick and Farquhar, 2011; Xu et al., 2013; Greve et al., 2014; Xu et al., 2014; Creed et al., 2014; Jiang et al., 2015; Zhang et al., 2016; Wei et al., 2018) . Although it is generally applied at coarse global grid resolution or to large river basins, other studies (e.g. Zhang et al., 2004; Redhead et al., 2016) have found the model to also work well for smaller basins or grid cells (< 10 km 2 ). This opens up the possibility for robust and parsimonious modeling of hydrological impacts at high spatial resolution.
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The strong impact of land use on water balance partitioning at smaller scales, combined with the large-scale land use changes that have occurred over Europe over the past decades, leads to the question how they have impacted changing patterns of evapotranspiration and streamflow. Previous assessments of past and future changes in water balance partitioning have either focussed on land use/cover (Sterling et al., 2012) or climate contributions (Wilby, 2006; Gardner, 2009; Hannaford et al., 2013) , or have focussed on smaller catchments under particular climate conditions (van Roosmalen et al., 2009; Renner et al., 2014; Pijl et al., 30 2018). Therefore, we aim to understand how recent decadal changes in climate (e.g., precipitation, temperature) and land use (de-/afforestation, urbanization) have impacted the amount and distribution of water resources availability across Europe since the 1950s. We address the hypothesis that land cover changes play a much more important role at the European scale than previously reported, even in basins which are assumed to have a limited human influence on the water cycle. To this end, we simulate the distribution of evapotranspiration and streamflow at high-resolution (1 km 2 ) by combining a) a steady-state
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Budyko model for water balance partitioning constrained by long-term observations across different land-use types, b) a novel decadal high-resolution historical land use reconstruction, and c) gridded observations of key meteorological variables. Simulations will be evaluated against state-of-the-art observation-based assessments of evapotranspiration and observed changes in streamflow.
Methods and Data
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Central to our approach is the formulation of the Budyko model as used by Zhang et al. (2004) . As with any Budyko approach, it follows the central assumptions that the fraction of precipitation that returns to the atmosphere as evapotranspiration ET depends on the ratio between the average potential evapotranspiration PET and average precipitation P , rather than on their absolute values, and that a catchments' ET, when a catchment is subjected to a range of climate conditions, follows a single path in the ET/P ,PET/P-space. Good fit with observations at several spatial scales show that this assumption is generally justified.
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In the work by Zhang et al. (2004) , the following equation was proposed for the dependency of ET/P on PET/P :
in which w is a model parameter which is typically linked to catchment and/or vegetation properties (Li et al., 2013 Vegetation Index (NDVI) and gridded global fields of ET, PET, and P at the 0.5 • resolution, Greve et al. (2014) reported values of 3.05 for grid cells with an NDVI of around 0.8, whereas grid cells with an NDVI of around 0.2 where found to follow w = 1.63. In a similar study but using observed streamflow rather than estimated ET, Li et al. (2013) found w to depend 20 on the basin-average fractional vegetation cover M according to w = 2.36 × M + 1.16. These studies show that w can show considerable variation even at relatively coarse scales.
In order to get the most realistic values for w for application at smaller scales (∼ 1 km 2 ) at which land use is often fairly homogeneous and the effects on water balance partitioning are most pronounced, we constrain w by the best available observations for different land use types and made under European climate conditions. It should be noted that widely available
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FLUXNET observations are not used in this study, because they might show the opposite land use ET signal from water balance-based observations (the so-called forest evapotranspiration paradox, see . The latter are assumed here to be more reliable for our application. The observations used in this study primarily come from the long-term lysimeter stations, such as the ones at Rietholzbach , St. Arnold ), Brandis (Haferkorn and Knappe, 2002) , Eberswalde-Britz (Müller, 2009), Castricum (Tollenaar and Ryckborst, 1975) , and Rheindahlen (Xu and Chen, 2005) ,
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several of which were also analysed in a previous study by . This data is complemented by observations from a natural lysimeter at Plynlimon (Calder, 1976) under more humid climate conditions and flux observations made over the cities of Basel (Christen and Vogt, 2004) , Arnhem, and Rotterdam . Long-term data is preferred to minimise impacts of interannual storage variations (Istanbulluoglu et al., 2012) . By relying on lysimeter observations to constrain our Budyko parameters, we implicitly assume lysimeters (area varies from 1 to 625 m 2 for the larger lysimeters at Castricum)
to behave similar to landscape elements of 10 6 m 2 (our grid cell size). The data is shown in Fig. 1 (Fig. A1 ).
Due to the smaller scale than applied in previous Budyko analyses, we initially find many points, in particular observations from forested lysimeters, to be located above the energy-limit (grey dashed line in Fig. 1 ). This indicates that the long-term average yearly evapotranspiration (ET) exceeds the average potential evapotranspiration (PET). This is possible, for instance, due to evaporation of interception water by energy not captured in the formulation of PET (van Dijk et al., 2015) . Therefore, we 10 correct for the underestimation by introducing a so-called adjusted potential evapotranspiration (aPET) which is assumed to be proportional to the potential evapotranspiration and accounts for all processes affecting yearly ET for tall vegetation (including evaporation of intercepted water through advection) so that ET generally will not exceed aPET even for forested areas:
resulting in the following expression for the Budyko-curve:
decrease ET. Finally, the long-term average streamflow or water yield at the pixel level is calculated from the catchment water balance:
under the assumption that storage changes (such as snow, soil moisture, groundwater) and net lateral groundwater in-/outflow can be neglected at the decadal (10-year) timescale. This timescale is chosen to align with the temporal resolution of the land 5 use dataset, and to minimize possible impacts of storage changes.
As input to our model as described above (Eqs. 2-4), we use gridded datasets of land cover and meteorological observations.
All calculations were performed at a 1 × 1 km spatial resolution, which were later rescaled to a coarser resolution for visualization purpose. Historic land-change information is based on the HIstoric Land Dynamics Assessment (HILDA, v2.0) model reconstruction of historic land cover/use change (Fuchs et al., 2013 (Fuchs et al., , 2015a . This data-driven reconstruction approach used (Fuchs et al., 2015a) . The E-OBS v18 gridded dataset (Haylock et al., 2008) of observed precipitation at 0.25
• resolution and 20 the CRU TS v4.02 gridded dataset (Harris et al., 2014) of observed potential evapotranpiration at 0.5 • resolution were used to force the model (Eqs. 2-4). Based on the joint availability of the HILDA, CRU and E-OBS datasets, we selected two 10-year periods which were considered for analysis : 1955-1965 and 2005-2015. In the following, we will refer to these periods as 1960 and 2010 for simplicity. While the 10-year periods are often considered short for climate change detection, they resulted from a need to balance robust estimation of the mean climate, without averaging out much of the underlying changes in both In addition to climate, also land use and land cover in Europe have seen large scale shifts over the past 60 years, albeit on a more local scale. Figure 3 shows the mean forest and urban fraction for the reference period, as well as the fractional change where forest cover has declined are virtually absent. This is also true for change in urban area. The average urban fraction is 20 highest in central-western Europe (Fig. 3c ), in particular in Belgium, the German Ruhr area, and The Netherlands. This is also the region that has seen the strongest increase ( Fig. 3d ). Changes in urban area are generally more localized in nature than changes in forest cover.
Patterns of mean and changes in evapotranspiration and water yield were calculated by forcing the Budyko model with subsequent 10-year averages of climate forcing and land use at a 1 × 1 km resolution. Figure 4 shows the resulting continental-25 scale patterns. The mean evapotranspiration in the reference period ( Fig. 4a ) is highest in central Europe, locally exceeding 600 mm/y, in regions with topographically-enhanced precipitation and/or forest cover. The Nordic countries and the Iberian peninsula generally have lower values (<400 mm) due to more pronounced energy and water limitation, respectively. Changes in evapotranspiration show a strong latitudinal gradient (Fig. 4b ). Changes exceeding +15% are found in large parts of Scotland, Sweden, Finland, and Estonia, whereas most of central-western Europe shows a smaller increases in the order of 10%.
Decreases of similar magnitude occur in parts of the Iberian peninsula and Italy. Average streamflow (Fig. 4c) is highest in central-western Europe (locally exceeding 600 mm/y), in particular in mountainous areas that receive larger amounts of precipitation. Streamflow of less than 150 mm/y is found in the large parts of Sweden, Finland, Spain, Romania and Bulgaria.
Changes in water yield (Fig. 4d) show a roughly similar pattern to changes in evapotranspiration, however the changes are much stronger in magnitude. Decreases in the Mediterranean locally exceed −45%, where increases in Sweden and Finland exceed +45%. Both the changes in evapotranspiration and streamflow show considerable regional variability superimposed on the large-scale patterns.
In order to assess the quality of the simulated evapotranspiration and streamflow and the changes therein, we evaluate our simulations against observation-based estimates of average evapotranspiration (Martens et al., 2017) over the more recent pe-5 riod 1980-2017 (it should be noted that currently no gridded evapotranspiration estimates are available that cover our complete study period) as well as observed changes in streamflow reported by Stahl et al. (2010) that cover most of our study period.
The pattern of simulated ET (Fig. 5a ) closely resembles the pattern as produced by GLEAM version 3.2a (Martens et al., 2017, data shown in Fig. 5b ). It should be noted that this comparison is added for reference only and should not be seen as validation:
GLEAM is not a strictly observational dataset, and it does not necessarily provide better long-term estimates of ET for forest 10 and urban areas. The Budyko model produces slightly lower values in Eastern Europe and the Iberian peninsula, but slightly higher values in Sweden and Finland. At the regional scale, our simulations show more variability due to the higher resolution of the forcing and land use datasets. In addition to matching the pattern of average ET, our approach is also able to reproduce the overall pattern of observed changes in streamflow (Fig. 5c,d ). The simulations agree with the observed declines in average streamflow in much of southern and central Europe, and increases in the more mountainous, coastal and/or northern regions.
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The two-dimensional frequency distribution (Fig. 6 ) confirms the capability of our approach in reproducing the observed trends in Figs. 5d, with a much higher frequency in the outer quartiles along the diagonal (12% and 9.7% compared to 6.25% expectation) than across the diagonal (4.8% and 2.8% of catchments). It should be noted that a higher-order validation on trends is subject to more noise than validation on mean fields, and a perfect match should not be expected also due to the difference in normalization. Figure 7 shows that our simulations also add information with respect to trends in forcing (P and PET), where
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PET and to a lesser extent P show a predominant increase over all basins while observed trends center around zero change.
Overall, the validation shows that our simplified approach is able to capture continental-scale patterns in mean and changes of evapotranspiration and streamflow.
In order to understand how changes in fluxes are driven by local changes in climate and land use, Figures 8 and 9 show how the contribution of the main drivers (precipitation, PET, and land use) to changes in evapotranspiration ( 
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For a more quantitative regional assessment, the subpanels in Figures 8 and 9 zoom in on several regions. These further illustrate the strong regional divergence in changes in water flux partitioning. In the southern Highlands of Scotland (Figs. 8a/9a ), a strong increase in precipitation has lead to a strong net increase in streamflow of +362 mm/y, only slightly counteracted by opposing PET and land use (afforestation) effects. Urbanisation in the Paris metropolitan area (Figs. 8b/9b ) has act to reduced ET (−18 mm/y), but combines with increased P to a significant increase in streamflow (+38 mm/y). In the Landes forest re- changes, but because of the water balance constraint this is only true for impacts on either evapotranspiration or streamflow.
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When the results are averaged over the continental scale, land use plays a more important role than suggested by Figure 8 . 
Discussion
Our results on changes in water balance partitioning over Europe are in line with many more local or regional-scale studies. In some regions, studies have found little to no trends due to dominance of natural variability on change indicators (Hannaford, 2015) . For the 6.5 km 2 Hupsel Brook catchment in the east of the Netherlands, Brauer et al. (2018) reported no significant trend in annual runoff since the mid 1970s. In one of the few studies on long-term in situ observations of ET, Seneviratne et al. In Austria, increased P and PET has been identified as factors driving ET increase (Duethmann and Blöschl, 2018) . In Sweden, Jaramillo et al. (2018) found little change in the ratio ET/P in spite of strong increases in P and PET. Also these findings are consistent with our results. This shows that even using gridded observations contain consistent information for local-scale change analysis.
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The modelling approach followed here is simplified both in terms of number of model parameters, land use classes, and (Harrigan et al., 2014) , that allow for identification of additional factors driving hydrologic change. The observation 35 that regional disagreement can exist between simulated and observed streamflow changes indicates that more research is needed to fully understand drivers of streamflow change at smaller (regional and catchment) scales. Maat et al., 2013) . Such local land cover impacts on climate are unlikely to be represented correctly in the forcing dataset used in this study which is based on interpolation of weather station data. Also the quality of the data underlying the E-OBS
and HILDA datasets used in this study might differ between countries. As a result, the datasets might induce "jumps" near to borders as can be seen in some of the maps. These inconsistencies will likely be fixed in future releases of the datasets, and do not impact the overall conclusions of this study.
The model forcing of potential evapotranspiration is determined using the Penman-Moneith parameterization (Harris et al., 2014) , which accounts for temperature, radiation, humidity, and wind speeds effects on evapotranspiration. The benefit of this 15 approach is that it is the most physical model for potential evapotranspiration, but the larger number of variables involved also increases the risk of spurious trends. Routine observations of net radiation, needed to force more complex parameterizations such as the Penman-Monteith equation, are only available for the most recent decades from either stations or satellite. Often, they are calculated from other (uncertain) input data. This raises the question whether decadal trends in radiation (i.e., global dimming and brightening, see Wild, 2016) , are correctly represented in long-term PET datasets based on Penman-Monteith.
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Potentially, trends in PET might be underestimated. A major disadvantage of simpler temperature-based methods is that, while they correctly follow the intra-annual variations in energy, they might be too sensitive to interannual and decadal variations in temperature that are independent of radiation trends (Sheffield et al., 2012) . The different between temperature-based and more physical representations will be minimal in particular in drier (semi-arid) regions with seasonal water limitation due to the reduced sensitivity of ET to PET (van der Schrier et al., 2011) . It has also been reported that temperature-based methods such as
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Thornthwaite do not always give the strongest increase in PET in a warming climate when compared to other more physicallybased methods (Prudhomme and Williamson, 2013) , suggesting that PET-induced changes in water balance partitioning should be interpreted with care.
Changes in climate and land use generally affect both the average evapotranspiration and streamflow. But whereas changes in evapotranspiration are needed to explain changes in streamflow, the socio-economic impact relate more directly to streamflow availability also has important implications beyond the yearly average values. Extremes will likely also be impacted by land use, yet current drought projections for Europe (Forzieri et al., 2014; Samaniego et al., 2018) or assessments of changes in floods (e.g. Hall et al., 2014) do not take into account past and/or future land cover changes. Not accounting for land use change will likely lead to regional over-or underestimation of changes in water availability. Therefore, land use change impacts on evapotranspiration and streamflow need to be considered in conjunction with climate change impacts.
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Conclusions
In this study, we investigated the role of changes in land use and climate in Europe from 1960 to 2010 on average evapotranspiration and streamflow. In our modeling approach, we combined a state-of-the-art land use reconstruction with gridded observational datasets of climate forcing and a Budyko-model constrained with ET observations from several long-term lysimeter stations. Based on the model results, it was shown that land use changes have had net impacts on evapotranspiration that are Laboratory-of-Geo-information-Science-and-Remote-Sensing/Models/Hilda.htm. E-OBS v18 precipitation can be downloaded from https: //www.ecad.eu//download/ensembles/download.php. CRU TS v4.02 potential evapotranspiration is available from https://crudata.uea.ac.uk/ cru/data/hrg/. All hydroclimatic observations used to constrain the Budyko model and their references are listed in Figure A1 . Location of the stations and sites listed in Table 1 . Triangles indicate sites with forest observations. Other symbols are as in Figure 1 .
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The errorbar indicates the total spread over multiple lysimeters at the Brandis site with different soil types (Haferkorn and Knappe, 2002) .
Curves are based on Eq. 3. Note that symbol shape indicates land cover, but colors indicate stand age in case of forest. The dashed grey line indicates the energy limit for non-adjusted PET. Table 2 . 
